A metered blend of anaerobic-grade N2, CO2, and H2S gases was introduced into an illuminated, 800-ml liquid volume, continuously stirred tank reactor. The system, described as an anaerobic gas-to-liquid phase fed-batch reactor, was used to investigate the effects of H2S flow rate and light energy on the accumulation of oxidized sulfur compounds formed by the photoautotroph Chlorobium limicola forma thiosulfatophilum during growth. Elemental sulfur was formed and accumulated in stoichiometric quantities when light energy and H2S molar flow rate levels were optimally adjusted in the presence of nonlimiting CO2. Deviation from the optimal H2S and light energy levels resulted in either oxidation of sulfur or complete inhibition of sulfide oxidation. Based on these observations, a model of sulfide and sulfur oxidases electrochemically coupled to the photosynthetic reaction center of Chlorobium spp. is presented. The dynamic deregulation of oxidative pathways may be a mechanism for supplying the photosynthetic reaction center with a continuous source of electrons during periods of varying light and substrate availability, as in pond ecosystems where Chlorobium spp. are found. Possible applications for a sulfide gas removal process are discussed.
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Oxidation of sulfide to sulfur by the green sulfur bacterium Chlorobiium limicola forma thiosulfatophilum (hereafter referred to as C. thiosulfatophilum) is being investigated as a possible biocatalyst for the removal of acid gases (primarily H2S) generated by the hydroprocessing of fossil fuels (2, 3, 6) . Early studies of Chlorobium sulfur metabolism were done by van Presented here is an investigation of the effects of H2S molar flow rate, previously identified as an important factor in sulfide oxidation (6) , and light energy on the formation of sulfur and oxidized sulfur compounds in a fed-batch process. This is related to the biochemical studies of sulfur oxidases summarized above, and a model is proposed for the control phenomenon based on electron sufficiency for P840.
(1)
Continuously stirred fed-batch reactors were used (4, 5) , with CO2 gas as the nonlimiting carbon source, H2S gas as a limiting electron source, and N2 as an inert carrier gas to show that growth rates and yields as well as sulfur formation rates were greater under these culture conditions compared with the static culture methods used by Van Niel and Larsen. In addition, it has been reported that thiosulfate (S2032-) is additionally formed from H2S by green sulfur bacteria (5) , indicating that at least one more sulfur oxidation pathway is involved in addition to those defined in equations 1 and 2 ( Fig. 1) . Sulfide oxidase in C. thioslulfatophilum is presumed to be flavocytochrome c553 (10) (11) (12) . Cytochrome c551 catalyzes the oxidation of thiosulfate to sulfate, and other unknown oxidases must be responsible for the oxidation of sulfide or sulfur (or both) to thiosulfate and other compounds (11) . Cytochrome c555 is the primary electron donor to P840, the photoreaction center of C. thiosulfatophilum (10) . The P840 protein complex for this species has been isolated and purified (9) . As shown in Fig. 1 , all electrons obtained from the oxidation of sulfur compounds reduce c555, which presumably supplies electrons to the phototrap P840 which drives the proposed reductive tricarboxylic acid cycle in C. thiosulfatophilum (7, 8) . Also depicted in Fig. 1 * Corresponding author.
MATERIALS AND METHODS
Fed-batch hardware. Figure 2 shows a schematic layout of the gas-fed continuously stirred reactor (800-ml liquid volume) used in all experimental trials. Gas cylinders of C02 (anaerobic grade, >99.99% purity, .10 ppm oxygen), H2S (.99.9% purity), and N2 (.99.99% purity, .10 ppm oxygen), were used as the source of all substrates (Liquid Carbonics Co., Chicago, Ill.). The gas feed system consisted of Tylan mass flow gas controllers (Tylan Co., Carson, Calif.), which were interfaced to an Apple Ile-ISAAC model 41A microcomputer data aquisition and control package (Cyborg Co., Newton, Mass.). Controlling software was written in LabSoft and Applesoft BASIC. Other details of the process (pH, temperature control, etc.) have been described previously (4, 14) .
Reactor light energy analysis. Due to high initial bacterial concentrations (ca. 5.0 x 109 cells per ml), there was limited light availability for the photosynthetic reaction, as photons were absorbed at the surface layer normal to the light source. The fed-batch process was first examined quantitatively with respect to this light limitation. bulb (Sylvania). These were placed 24 cm normal to the reactor surface.
Since we were working with a cylindrical photobioreactor, we initially determined the total net power on the illuminated surfaces. These surfaces were found to be ca. 144 cm2 for each light source. The entire reactor was covered with aluminum foil, except the 144-cm2 areas normal to each light source. The total light energy was detected by a radiometer (Yellow Springs Instruments Co., Yellow Springs, Ohio; model 65A) placed at 12 different positions along the inside frontal surface of the defined area. The twelve values were integrated by using the formula W = fo9fo6 I(y,h) dy dh, where W is the light energy in watts per square centimeter, I is the detected light power in watts, y is the width in centimeters, and h is the height in centimeters. The light intensity values reported in Table 2 and Fig. 3 were converted to watts per square meter.
Microorganisms and growth conditions. C. thiosulfatophilum ATCC 17092 was used for this study. Enumeration of bacteria was determined by measuring Chlorobium bacteriochlorophyll spectrophotometrically at 578 nm (17) . A bacteriochlorophyll concentration of 25 F.M was found to be equivalent to 5 x 108 bacteria per ml.
The defined growth medium is referred to as 1X, which is a mineral salts medium (3) . For all trials, the microorganisms were prepared and activated as follows. Bacteria were per liter per h. After 5 h, the H2S gas flow was shut off, and the system was sparged for an additional 15 h with the other two gases. The light intensity and flow rates were then set at the experimental levels. The rationale for this activation procedure was to ensure that insoluble SO did not accumulate in the medium, so that a measurable level of sulfate only was present at the beginning of each trial. Anaerobic conditions were maintained; however a redox analysis of the cell medium was not conducted.
Utilization of substrate gases. H2S was immediately and completely consumed over the course of each run, since no dissolved sulfide was detected in the growth medium by a colorimetric analysis sensitive to 0.1 mM total H2S, S-2, and HS- (14) . Thiosulfate was determined by the method of Sorbo (16) . Additionally, a zinc acetate trap detected no hydrogen sulfide in the effluent for all trials. Since H2S was completely utilized, it may be described as a limiting substrate. C. thiosulfatophilum, however, was not limited with respect to electrons, as they were (presumably) enzymatically stripped from each sulfur metabolite in the oxidative pathway.
Soluble CO2 in the form of HCO3-or H2CO3 at pH 6.8 existed due to chemical equilibrium. We demonstrated that excess levels of CO2 and soluble species were present for all experimental runs. Table 1 shows the time course of the accumulation of inorganic and fixed CO2 during a typical trial with inoculated 1X medium. Quantitation of the levels of fixed and inorganic CO2 was done by the following procedure. Gases were introduced at the following constant, fixed rates over the time of the run: C02, 3.3 mmol per liter per h; H2S, 2.5 mmol per liter per h; N2, 20 mmol per liter per h. The light energy level was 2,000 W/m2. At different time intervals up to 48 h, 20 ml of 4 N HCl was added by syringe into the reactor. The acid served to drive the soluble HCO3 and H2CO3 species quantitatively to CO2 gas. The gas was then driven from the reactor (800-ml liquid volume, 200-ml headspace) into an ascarite trap by purging for 15 h with N2 gas. Total CO2 was then determined (1) . As a control, uninoculated 1X medium at pH 6.8 was sparged with a known quantity of CO2 and subsequently treated with acid and purged with N2, with 100% recovery of CO2 from the soluble species. The millimoles of fixed CO2 could therefore be calculated. For all experimental trial conditions, the CO2 profile was not significantly different from this inoculated control experiment (data not shown); therefore we concluded that CO2 was not limiting. Experimental conditions and analytical procedures. Gas flow rates were entered at the beginning and monitored and controlled by the computer system. The pulsed H2S runs were also accomplished with a special program that controlled the duration and magnitude of each pulse cycle. The pulsed trials were done to determine the effect of rapidly varying the levels of the reducing substrate on the mass balance of sulfur compounds. All trials were of 18 to 24 h duration, which roughly corresponds to doubling time of C. thiosulfatophilum. Sampling consisted of withdrawing 10-ml portions by syringe.
Elemental sulfur (20) , sulfate (18) , and thiosulfate (16) were all determined by spectrophotometric methods. Dissolved sulfide was determined by the method of Truper and Schlegel (19) . Table 2 shows the results of the experimental trials with two light energy levels and varied H2S molar flow rates. Figure 3 shows a plot of the H2S utilization rates versus light energy for So-optimized trials, which correspond to the sulfur mass balance of equation 1. Region I represents the more complex oxidative metabolism of sulfur, roughly approximated by equation 2. Region II represents inhibition of specific growth rate and growth yield for C. thioslulfatophilum caused by high soluble sulfide concentrations. This shows that increasing the H2S molar flow rate to a point in region II of Fig. 3 at a given light energy level results in sulfide accumulation at levels greater than 4 to 8 mM in the reactor, which is associated with poisoning and subsequently the retardation of growth and all sulfur metabolism (data not shown). For this reason, we call the points on the van Niel curve critical-optimal adjustments for H2S utilization and S°formation.
RESULTS AND DISCUSSION
Under all experimental conditions, sulfide oxidase activity is always present, because all H2S is completely consumed. The differing sulfur, sulfate, and thiosulfate mass balances show the effect of light and H2S flow on the regulation of sulfur oxidases. Photons may be described as a limiting substrate for C. thiosulfatophilutm (suggested by Fig. 3 ; the H2S utilization rate increases with a corresponding increase in light energy level). Also, it is empirically known that light is limiting because a cylindrical bioreactor that is not optimized for light penetration will only be exposed to light at the outer surface. Electrons, however, may presumably be supplied on demand by the deregulation of oxidative sulfur enzyme systems. A plausible explanation of this may be that P840, the photoreactive center, requires X electrons at a given light energy in order to supply enough reducing power for the ultimate formation of NADPH (Fig. 1) . Electron sufficiency is maintained by the regulation and deregulation of sulfur, secondary sulfide, and other oxidases. Under optimal conditions, i.e., high light energy and H2S flow rates, electron sufficiency is maintained by one oxidative step: sulfide to sulfur, yielding two electrons. It is therefore advantageous for the microorganism to regulate the further oxidation of sulfur during such sufficiency periods. From an ecological perspective, dynamic response to varying light energy levels and sulfur availability would be a useful trait in brackish pond ecosystems where Chlorobium spp. are found.
Evidence for a dynamic regulation based on electron sufficiency is supported by the pulsed H2S gas data presented in Table 2 ; by pulsing the gas at transiently high flow rates, some inhibition of sulfur oxidase occurs, causing sulfur accumulation. This accumulation is offset, however, during the low part of each pulse, where sulfur is oxidized to maintain electron sufficiency. The trend for sulfur accumulation is consistent whether a constant or pulsed molar flow is in effect ( Table 2 ). The formation of oxidized sulfur 
